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ABSTRACT 

The aqueous solution chemistry of trimethyllead (IV) 
species and of the trimethyllead complexes of selected 
inorganic anions has been investigated by proton magnetic 
resonance spectroscopy. Equilibrium constants for the 
reaction of (CH3)3Pb" with hydroxide ion to form (CH) 3PbOH 
and ((CH) 3Pb) 0H” have been determined from the pH 
dependence of the chemical shift of the methyl protons 
of trimethyllead. Formation constants were also determined 
for the sulfite, selenite, thiosulfate, thiocyanate, 
phosphate, carbonate, iodide, bromide, and chloride 
complexes from the pH dependence of the chemical shift 
of the methyl protons of trimethyllead in solutions 
containing both trimethyllead and ligand. The lead - 
207 - proton coupling constant was found to be insensitive 
to complexation. The formation constants are in general 
fairly small and the extent to which complexes form is 
strongly dependent on pH. At high pH, (CH3) 3PbOH forms 
while at low pH, protonation of those ligands which are 
the conjugate bases of weak acids competes with complex 
formation. There is no indication of high selectivity 
in the binding of trimethyllead by’a particular ligand 
type, and calculations indicate that any trimethyllead 
in biological fiuitds as likely to be distrubuted among a 
variety of ligands, including chloride which forms 


uncharged and presumably lipid soluble (CH,) ,PbCl. 
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CHAPTER I 
INTRODUCTION 

Tetraorganolead(IV) compounds are cleaved in the 
body to form triorganolead(IV) species (1,2) which are in 
general easily transported around the body in contrast 
to inorganic lead which often forms an insoluble salt. 

In addition methylated lead compounds have been shown 

to be produced by lake sediments (3), constituting another 
possible source for organolead poisoning. Despite these 
facts little is known about the coordination chemistry 

of organolead in aqueous solution and no effective drugs 
are known for organolead poisoning. 

In this thesis the results of a study of the aqueous 
solution chemistry of trimethyllead(IV) and of trimethyl- 
lead(IV) complexes of selected inorganic ligands are 
reported. The research described in this thesis is part 
of a program to provide information about the aqueous 


solution chemistry of trimethyllead(IV) and its complexes. 


A. Sources and Transformations of Organolead compounds 


in the Environment. 


Lead is one of the most toxic metals found in the 
environment and is of great concern because of its wide- 
spread occurrence in nature, but its fate after dispersion 
by man's activities is largely unknown. Most of the 


lead discharged into the environment is in the form of 
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inorganic salts or the metal itself. Some ten percent 

of the lead used industrially is manufactured into organo- 
lead compounds which are almost entirely discharged into 
the atmosphere because of its use as an antiknock compound 
in fuel for internal combustion engines (4). In addition 
several new uses for organolead compounds have been 
discovered recently. These include the use of triorgano- 
lead (particularly triphenyllead) salts as biocidal 
agents, the use of monoaryllead compounds as catalysts 

in polymer- and gas-forming reactions, and the use of 
various triorganolead compounds as antiwear additives to 
lubricants (4). At present, the use of tetraethyl- and 
tetramethyllead accounts for considerably more than 

eighty percent of all industrial applications of organo- 
metallic compounds. 

Until a few years ago, nothing was known about the 
existence of organic forms of lead in the environment as 
a result of biotransformation (5). Recently, however, it 
has been discovered by Wong, Chau and Luxon that certain 
inorganic and organic lead compounds can be converted to 
volatile tetramethyllead by microorganisms in lake sedi- 
ments (3) > The pathways for the biological conversion 
of lead are not well understood. It is apparent that 
the conversion of inorganic lead to organic lead is a 
difficult process. On the other hand, trimethyllead 


salts are readily converted to tetramethyllead by 
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microorganisms in lake water or a nutrient medium, with 

or without the sediment, and in the presence, or the 
absence, of light. Following this report of methylation 

of lead by anaerobic microorganisms, Jarvie, Markall and 
Potter investigated the formation of organolead compounds in 


aqueous systems (6). Alkylation of Pb(NO in sediment 


3)2 
systems could not be detected in their study. Their 
results suggest that the main reaction producing tetra- 
alkyllead from trialkyllead salts in anaerobic systems 

is the conversion of the trialkyllead salt to the sulphide, 
and the subsequent decomposition of the trialkyllead 
sulphide (R3Pb) 5S to form the tetraalkyllead. The absence 
of methyl triethyllead when triethyllead chloride is 

added to sediment shows that no direct methylation is 
occurring in this case. In aqueous solution, methyllead 
compounds (CH3) >Pbx, and (CH3) , Pbx (X = anion) redistribute 


according to 


4 (CH,) 3P bi = 2 (CH,) oPbx. Tae (CH,) 4rP iy) 
2 (CH) ,PbX,——> (CH) ,PbXx + CH,X + PbXx, (2) 
3 (CH3) ,PbX ——> 2 (CH3) ,Pb + CH3X + PbxX, (3) 


Reaction 2c¢isemuch fastersthan Le(77s)) andtthe wate of 
both reactions depends on the nature of X. (CH) 3PbxX is 
relatively stable, at room temperature. The overall 


stoichiometry of its decomposition can be described by 
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reaction 3. Schmidt and Huber (9) extended these observa- 
tions, and conclude that, besides the formation of (CH) ,Pb 
by redistribution according to reaction 1, biotogical 
alkylation of ppet must be considered as another source 


for (CH Pb. “In view of the high redox potential, +1.46 


3)4 
volts, for the lead(IV)/lead(II) couple and the instability 
of monoalkyllead compounds in aqueous solution (10) it is 
difficult to explain the conversion of inorganic lead (IT) 


to tetramethyllead(IV) observed by Wong, Chau and Luxon (3), 


and Schmidt and Huber (9). 
B. Lead poisoning. 


Lead poisoning is one of the commonest of occupational 
diseases. Penetration of the body by lead or its compounds 
can occur in several ways, including inhalation of the 
dusts or vapors, ingestion, or by direct absorption through 
the skin. In the case of the inorganic forms of lead, 


this last route is of no importance but it is of special 


importance in the case of the organic compounds of lead (1l). 


The toxic action of organolead compounds was recog- 
nized early in the commercial use of tetraethyllead as an 
antiknock compound. Trialkyllead derivatives have a 
dominant action on the central nervous system (1,2). A 
number of deaths occurred which dramatically pointed out 
this effect and led to an intensive evaluation of the 


toxic effects of tetraethyllead as well as of the methods 
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for its safe handling and use. Acute poisoning by lead 
antiknocks has been well documented, although relatively 
few cases have occurred in the United States since 1926 
and virtually none since 1940. Sanders (12) stated in 
1964 that 88 cases of tetraethyllead intoxication had 
occurred in the United States including 16 which terminated 
fatally, almost all of which occurred in connection with 
the cleaning of large tanks in which leaded gasoline 
had been stored. Fortunately, after recovery from the 
acute intoxication, the subsequent recovery has been 
complete without after effects (13). 

The chelating agents, ethylenediaminetetraacetic 
acid (EDTA) and penicillamine are used in inorganic lead 
poisoning to increase the rate of excretion of lead, 
and chelation therapy has become generally accepted in 
this form of lead poisoning (14). EDTA has also been 
used in cases of poisoning by organolead antiknock com- 
pounds but with ambiguous results (15,16). The studies 
of Cremer in. vitro «(L,2): indicate. that. EDTA, does not — 
form a complex with the tetra- and tri-ethyllead compounds 
to any significant degree; this suggests that EDTA will 
have little effect on the rate of elimination of unmetabol- 
ized organolead compounds. It appears that penicillamine 
has not been used as a therapeutic agent to alleviate 
organic lead poisoning, but this ligand should be more 
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trimethyllead-N-acetylpenicillamine complex is 4 x lon 


this value is much greater than the formation constant 
(ca. 40) for binding of trimethyllead to the amino group 
Of glycine which should be of similar magnitude to that 
EOn, Dindingetouonemot senermniLrogens Of pED UTA, (L7)— 
Considerable effort has been directed towards the 
elucidation of the mode of toxic action of organolead 
compounds. Activity of the two tetraalkylleads, tetra- 
methyllead and tetraethyllead,is probably due to the 
trialkyllead ion produced by cleavage of one alkyl group 


from the tetraalkyllead. Compounds of the type RPbxX 


3 
are much more active physiologically than the other 
Oorganolead types (1,2,18). Those compounds of the type 
R,Pb and R»Pbx, which are physiologically active probably 


derives theireactivity, from RPbX which is formed as they 


degrade in the body. 
G- sCoordination Chemistry (of Trimethyllead:. 


Thestirsc coordinationscompounds offorganolead, 
hydrates of diaryllead dinitrates and dicarboxylates, 
weremsreportcadeineuitsd7s (LO 202) ) 7 ebubesubsequent. reports 
have been sparse. However a considerable amount of 
information is available on the chemistry of triorgano- 
tin(IV), including the trimethyltin(IV) species, and a 
small amount of information on the trimethylantimony (V) 


species. Most information is of a structural nature and 
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has been obtained from the use of vibrational spectroscopy 
and X-ray.diftraction, but :a«small-amount.of information 
on the extent to which complexes form under equilibrium 
conditions has been obtained from potentiometric titrations. 
The coordination chemistry of trimethyltin(IV) and tri- 
methylantimony(V) will be discussed in this section as 
it relates to that of trimethyllead(IV). 

Lr possible, these trimethyl-metal species appear 
to favor a five-coordinate geometry. However, in situations 
where two additional ligands which form strong complexes 
with the trimethyl-metal species are not available, a 
tetrahedral (strictly, C3, point..group) pstructure .is 
favoured. The trimethyllead halides in weakly-coordinating 
solvents such as benzene or chloroform provide an example 
COfethnicms tuations (22) eeDEago, andwcoworkers «(23))) have 
shownathatesuchstetrwahedrals speciessance todondinately 
unsaturated by adding tetramethylenesulfoxide (TMSO) to 
Carbon) tetrachloride solutions: o& (C5H.) 3PbCl, (CH3) ,SnC1 
and (C5H.) 3S5nCl. In each case, a 1:1 addition compound 
formed. The TMSO binds through an oxygen atom, and the 
format ron.constant wor the Lead «complex; at 35°C, iis 
5.7 + 0.8. The ligands dimethylacetamide, dimethylform- 
amide, and hexamethylphosphoramide behaved similarly. 
A. trigonal bipyramidal ‘structure, with ithe chloride and 
oxygen ligands occupying axial positions, was proposed 


on the basis of infrared and pmr measurements, and 
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confirmed by X-ray diffraction for the related adduct 
between trimethyltin chloride and pyridine (23). The 
coplanar nature of the metal atom and methyl groups is 
clearly shown in several crystal structures. The crystal 
structures of trimethyltin-fluoride (24) and -cyanide 
(25), and trimethyllead cyanide (25) are very similar 
and in each case planar trimethyl metal moieties are 
bridged by the anion. Infrared and Raman evidence 
suggest that this planarity is maintained in solution 
in both aqueous and coordinating organic solvents. 
There are many reports of the planar trimethyltin(IV) 
moiety in crystals which are based on the appearance in 
the infrared spectra of only one skeletal stretching 
band in the range 500 to 600 cm + (26). These are all 
compounds where the anion is a very hard base (26), and 


SnOHO@(2 7428) PrA(CH SnNO. (29) (but 


oy ee 3 


structure given as non-planar in ref. 30), (CH) 3SnC10, 


included are (CH 


G30'43.))°A5 XCH SnBrvr (32) sa(CH SnAsF,. (33), (CH 


4 3)3 6 3738 
Sui(HEOO) Mi 34555) atne Hramethy lcin 


3)3 
SbF, (S39%¢ (CH3) 3 
carboxylates (36,37) and trimethyltin compounds contain- 
ingmbi functional initrogengdonors@ilikegimidazoles(38,39,740). 
Raman spectroscopic measurements on aqueous solutions 

of the nitrate and perchlorate salts of the trimethyllead 
cation do not show evidence of lines attributable to 


vibration of Pb-O bonds involving water molecules in the 


first coordination sphere, but such vibrations are often 


liane aaa 


weak Raman scatterers. Three shifts attributable to 
Pb-C vibrations were observed (41,42), and the pattern 
(two relatively widely spaced shifts from stretching 
vibrations, and one from a deformation) is that expected 
for a planar PbC3 skeleton. If the PbC, skeleton were 
markedly pyramidal, then a pattern consisting of four 
vibrations, two closely separated stretching modes and 
two deformation modes would be observed, as discussed 

by Downs and Steer (43). Raman spectroscopic studies 

of the aqueous solutions of the perchlorate and nitrate 


2+ 


7 (44) and (CH,) ,Sb (43) have been 


salts of (CH3) Sn 
interpreted similarly. 

These observations are consistent with simple bond- 
ing theory. The trimethyl-metal ions in the absence of 
strong covalent bonding to the solvent or to the ligands 
would be expected to adopt a planar configuration to 
minimize the repulsions between the bonding pairs in the 
metal-carbon bonds or to maximize the S character in the 
metal orbitals used to bind the methyl groups (26). The 
additional favourable feature of this structure is that 


trans! juxtaposition of the very soft CH. Nigands (45) 


3 


is avoided. 


Radagittonal suppore for this ‘structure in solution 


207 1 


comes indirectly from measurement of the PH COUP LIng 


constant. The metal-proton coupling constant is dependent 


on the amount of s character in the metal-carbon bond (46). 
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ES thesasS..P and PY Orbitals are responsible for binding 


ee 
in the plane and the P, and GB Orbitals for binding at 
the axial positions of the bipyramidal structure, the 
coordination of different ligands in the axial position 
is not expected to cause a large change in the metal- 
proton coupling constant. However other effects besides 
the amount of S character in the metal-carbon bond may 
affect the coupling constant. For example, Shier and 
Drago (47) have shown that J57 1 changes from 77.5 


BD=erl 


Anuwater sto: 65.0 Hz) tor. (CH PbC10O 


4 3)3 4 
in hexamethylphosphoramide and that the change is not 


HZ for (CH) ,PbBF 


solely dependent upon any apparent geometrical change 
in the planar (CH, ePh ion. Sayer reported (48) that 


J changes) t6rom B7i/ @Hzuito 19 ehzisupom formation of 
207 i 
Pb-_H 
(CH 


3) 3PbOH from (CH) Pb" and S£G0nS/. 7 Hasto @77..> saz aupon 


formatroniof «(CH RS 


Pb-carboxylate complexes from (CH3) 3Pb s 


373 
: : 207 uf 
These results indicate that the Pb- 


H coupling constant 
is not very sensitive to the complexation of trimethyl- 
lead. This implies that complex formation with the 
carboxylic acids studied does not bring about any signifi- 
cant change in the geometrical configuration of the Pb(Iv) 
and the three methyl groups nor in’the hybridization of 
the lead ion in trimethyllead (48,49). 

From the X-ray crystal structure of trimethyllead 


cyanide and the Raman result for the trimethyllead cation 


in aqueous solution, and the more extensive results for 
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the related ion trimethyltin(IV), it seems probable that 
the aqueous trimethyllead cation has the trigonal bipyra- 
midal structure with a water molecule in each of the 
axial positions. Complex formation will involve replace- 
ment of one or both water molecules by other ligands, 

and the previous studies suggest that complex formation 
will not have a major effect on the trigonal bipyramidal 
structure. An implication of this conclusion is that 


chelate formation is not favoured. 


Dewenealresenc ocudy. 


In this thesis the results of a study of the aqueous 
solution chemistry of trimethyllead and of trimethyllead 
complexes of selected inorganic ligands are reported. 

The equilibrium constants for the acid-base equilibria 

of trimethyllead and the formation constants of the 
trimethyllead complexes of nine inorganic ligands were 
determined by proton nuclear magnetic resonance spectro- 
scopy. This research was done as part of a larger effort 
directed toward characterizing the coordination chemistry 
of trimethyllead, and the role this might play in tri- 


methyllead toxicology. 
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EXPERIMENTAL 


A. Chemicals. 


Sodium hydrogen sulfite, sodium sulfide and sodium 
iodide (J.T. Baker Chemicals), sodium thiosulfate, sodium 
chloride, and t-butanol (Fisher Scientific Company), 
sodium thiocyanate (Allied Chemicals), di-sodium hydrogen 
orthophosphate and sodium fluoride (British Drug Houses), 
sodium carbonate and sodium bromide (McArthur Chemicals) 
were used as received. In some cases, their solutions 
were standardized as described below. Sodium selenite 
(Alfa Inorganics) was purified before the solution was 
standardized. Trimethyllead acetate (Alfa Inorganics) 
was the only water soluble form of trimethyllead com- 
mercially available. Since the acetate ligand complexes 
trimethyllead in aqueous solution (48) and would thus 
interfer in these studies; the trimethyllead acetate was 
converted to a stock solution of trimethyllead perchlorate. 
Purification and standardization procedures are described 
below. 

All other chemicals were of the highest grade 
commercially available and were used without further 


purr icaclon: 
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B. Preparation and Standardization of Trimethyllead (IV) 


Solutions. 


Trimethyllead acetate was converted to a stock 
solution of trimethyllead perchlorate prior to use in 
the acid-base and complexation studies. An initial 


attempt DyoDr. Tl. Ju. Sayer ‘to, extract (CH PbOH from 


ag 
benzene (48), using a method developed for triethyllead 
chloride (50), yielded only an insoluble, gelatinous 
mass of unknown composition. Ion exchange has been used 
to remove acetate from methylmercuric hydroxide solutions 
(51), and a similar method was developed for the conver- 
Sion of trimethyllead acetate to trimethyllead perchlorate. 
An approximately 0.25 M solution of trimethyllead 
acetate was filtered through a Nalgena filter unit of 
0.2 um pore size. The solution was then passed two or 
three times through an anion exchange column (Dowex 
2 x 8) in the hydroxide form. The column was regenerated 
between passes with 1 M NaOH. The proton nuclear magnetic 
resonance (nmr) spectrum, at high amplitude, of an 
aliquot was then taken to confirm the absence of acetate 
(in acidic solution, the resonance of the methyl protons 
of acetate is located approximately 0.84 ppm downfield 
from the tert-butyl resonance of tertiary butanol and 


Ts aetectable at concentration levels of = 0.001 M). 


When no acetate could be detected, the solution was then 
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filtered again through a Nalgena filter unit of 0.2 um 
pore size. The solution was then neutralized with con- 
Centraced /percmloric acid “(toe pH 5)" and storea, tightly 
sealed, in the dark (50). 

3) 3PbClO, was 


standardized by titration with NaOH using a glass electrode 


Before use, the stock solution of (CH 


to locate the end point. The titrations were carried 
out using carbonate-free NaOH and the ionic strength was 
controlled using NaClo,. To ensure complete neutraliza- 
tion of all the (CH) ,PbOH present in solution, the 
initial pH was reduced to a value ~ 3 using concentrated 
HC10,. At this pH, the solution is a mixture of a strong 
acid (HC1O,) and a weak acid ((CH,) ,Pb") and the titra- 
tion yreids ‘two “inflection points.’ ~ Titration of “the 
added perchloric acid gives a sharp inflection point at 
pH 5 and the (CH) Pb" an intlection pointerat: pHvL0.5. 
The exact position of the (CH,) Pb" endpoint was determined 
using a second derivative plot of the titration curve 
(52). The titration with base converts the trimethyllead 


from (CH Pb’ to (CH,) 3PbOH. Consequently, the amount 


3)3 
of NaOH added between the first and second endpoints 
provides the concentration of trimethyl lead tin the stock 
solution. 

The potentiometric method was verified by determining 


the trimethyllead concentration of several stock solutions 


using both atomic absorption spectroscopy, and EDTA 
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titration of aliquots following conversion to Bae The 
atomic absorption spectroscopy results tended to be 
slightly higher than the trimethyllead concentrations 
obtained by potentiometry, but the agreement is sufficient 
to support the potentiometric standardization. This 
method was used by Dr. T. L. Sayer and is fully described 
in his thesis (48). The EDTA titration method gave 
results which, within the standard deviation of the 
measurement, were identical with those from the potentio- 
metric titrations (17). Since the EDTA method, which 
involves prolonged digestion of aliquots of the trimethyl- 
lead solution with agua regia, is both time- and material- 


consuming, the potentiometric method of standardization 


has become the method routinely used in this laboratory. 
CG. Preparation and Standardization of Ligand Solutions. 


A solution of sodium selenite, the source of the 
selenite ligand, was purified by first filtering off the 
insoluble materials. The sodium selenite then was 
isolated from water soluble impurities by recrystalliza- 
tion. Stock solutions of approximately 0.5 M sodium 
selenite in doubly-distilled water were prepared from 
the purified solid. Aliquots of the stock solutions 
were brought to low pH (~3) by adding HC1O, and then were 
standardized by potentiometric titration with standard 


sodium hydroxide. At pH ..3, the solution 1s a mixture 
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The selenite concentration was determined from the volume 


of strong acids and the weak acid HSeO (pKat~7 283). 
of base between the two end points. 

Disodium hydrogen orthophosphate was used as the 
source of the phosphate ligand. Stock solutions of 
approximately 0.1 M sodium phosphate in doubly-distilled 
water were prepared. Aliquots of the stock solutions 
were acidified and then were standardized by the procedure 
described above for solutions of sodium selenite. 

Sodium hydrogen sulfite was used as the source of 
the sulfite ligand. The solid material was analyzed by 
Oxidation of a known amount in aqueous solution with 
excess iodine followed by back-titration with standard 
thiosulfate, according to the equilibria represented by 


equation 4 and 5. The standard thiosulfate solution 


2- 


sO, + 1, + H,0 See 80,71 a ee ae (4) 


2- - 2- 
I, + 25,0, ee A S4% (5) 


was prepared by weighing the anhydrous reagent as a 
primary standard, and the resultant solution was used 
to standardize the iodine solution. Starch was used to 
locate the endpoint. A purity of 105.5% was obtained 
for the sodium hydrogen sulfite. 

Sodium sulfide was used as the source of the sulfide 
ligand. The solid material was analyzed by dissolving a 


ate 2- 
weighed amount, adding an excess of I, which oxidizes S Xe) 


2- 
Sand then back? titration of the exeess I, with S503 & EN 
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purity of 90.0% was obtained for the sodium sulfide. 
Standard solutions of base were prepared by dilution 
of saturated, carbonate-free sodium hydroxide with carbon 
dioxide-free distilled water. These solutions were 
standardized by titration against known amounts of primary 


standard potassium hydrogen phthalate. 


D: pH Measurements. 


pH measurements were carried out at 25 + 1°C with 
an Orion Model 701 digital pH meter equipped with a 
standard glass electrode and a silver/silver chloride 
reference electrode in which sodium sulfate was used as 
the electrolyte solution. This reference electrode was 
used rather than the standard Ag/AgCl reference electrode 
with KCl electrolyte to avoid problems from the precipi- 
tation of KC10, in the reference electrode fiber junction. 
Fisher Certified standard solutions having pH values 
Ofea Ol) O00 dnd) 10.00 at 25-C (potassium nydrogen 
phthalate, potassium phosphate, and sodium borate, 


respectively) were used to standardize the pH meter. 
E. Proton Nuclear Magnetic Resonance Measurements. 


Proton nuclear magnetic resonance (nmr) spectra 
were obtained on a Varian A-60-D high resolution spectro- 
meter at a probe temperature of 25 + 1°C. The temperature 


of the probe was determined by measuring the potential 
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of a copper vs. constantan thermocouple inserted in the 
probe. 

Spectra were recorded at sweep rates of 0.1 Hz/sec 
for the chemical shift measurements. Reported data are 
the average of at least three scans. Chemical shifts 
were measured relative to the tert-butyl resonance of 
internal tert-butanol but are reported relative to the 
methyl resonance of sodium 2,2-dimethyl-2-silapentane- 
5-sulfonic acid (DSS). Positive shifts correspond to 
resonances of protons less shielded than the methyl 
protons of DSS. The tert-butyl resonance of tert-butanol 
is 1.243 ppm downfield from the methyl resonance of DSS. 

The sweep widths of the nmr recorder were calibrated 
by a sideband procedure. A Hewlett-Packard, Model 
200 AB audio oscillator was used to provide sideband 
Signals from TMS (12% in chloroform). The frequency of 
the sideband was counted with a Hewlett-Packard, Model 
5307A High Resolution Counter. For recorder calibration, 
the shift of the sideband from the main signal, as 
indicated! by) the calibration markings of the recorder 
paper, was matched to the counted frequency generated 


by the audio oscillator. 
F. Solutions for Nuclear Magnetic Resonance Measurements. 


Solutions used in the nuclear magnetic resonance 


measurements were prepared in doubly distilled water 
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from pipetted amounts of stock trimethyllead perchlorate 
solution and weighed or pipetted amounts of the ligand. 
The concentration of trimethyllead in the solutions on 


which nmr measurements were made was 2.00 x 1073 M or 


SeUQecal 0M UML rent “bieanol was addediten an internal 
chemical shift reference at the same concentration as 

that of the trimethyllead. A background ionic strength 

of 0.3 M was maintained with Naclo, in all the experiments 
except those in the trimethyllead-thiocyanate study 

where an ionic strength of 1.5 M was used. In those 
experiments involving the measurement of chemical shift 
asa. function of pH. the aonic strength, of the solution 
was adjusted to 0.3 M and samples were withdrawn as the 
PH was varied. Variations in the ionic strength caused 

by changes in the chemical species in solution are small 
relative to the background ionic strength and also are 
minimized by the sampling method chosen. Initially, the 
solution was made alkaline to about pH 12.50. Then acid 
was added and samples were withdrawn at approximately 
OeSpHeuntt antervalowunt i labo pie Ze vt Ccally., 

twenty five to thirty 0.4 ml samples were required to 
cover the pH range 2-12.5. Concentrated perchloric acid 
and sodium hydroxide solutions were used to adjust the 

pH. For example, a solution containing 5.00 x fou. M 


trimethy.! leac,-Ob00sMecodiumisul fi te vand. 0. 113M Naclo, 


was made alkaline with sodium hydroxide before samples 


rics ickhdbon erin 
dee ME be OL x OGLE) 
ienvatol ae. xot Aoht 


i Lay. LF a ea MMOGs ig 
; 
eh 


; 12g: ‘Gvaa sinot Sao owaipad : hes. ad 

groom cagae ead 22m ne Oname Hints deme eas a — 
yhataa SI SARYIO tds east fel ene ‘ 
eyodt.al . beer enw RH ay told 
ot tis, Shaheen 2A saeqo annie aan wltdb kere. 
Jy lam aid \25 éseneuee aint See ll wiht Tg alt ra Ty re 
£9 ag. owe2hss iw estou vo Ligne Sits Me .8 aT “Ae 
baw », jpaexze oluad eu a anshyelnay heiugty oe 
(tems ove aotieloa of sahoagny basseene a me ee 
ei6 opts bas. de paasea: 2 rAOL, Day orion. way we 
s#d y¢iiniaint) -amcode: satoqa pri iqemn gad gt) 
Loe sort 08,21 My gobde oe, pest ie 
risgeatuoxdas ve aveulale iw) ange vo hamie ie Pe ec) 
et Sagegyt & Aq foods) bfaoy atereeagh sine oe 8 
xf Donlvipan straw asia iar ie, etch ae iin he 
Vion pkackdared bad 12 ae adel r 

sit seutha od, boay od al a Lees 
rege Qf ¥. 69.2: pense ine 7 a 


om 8 oe staat a 
i) oy 


i rears 


aslcnms eseted si ik pea 


oF 
Y 


20% 


were withdrawn. Using the formation constant of trimethyl- 
lead sulfite calculated in Chapter IV and the Ka's of 
the ligand, the concentration of each solution species, 
and thus the ionic strength of the solution, can be 
calculated at any pH. These calculations indicate that 
tChes2onic strength=or “this solutions varied” Erom’ 0.30 to 
Un 2o Ongoing from pH 12. 5"€o pHi 6.797 which®i1s*the pH 
region antics which data was used for calculating the forma- 
tion constants of the trimethyllead-sulfite complex. Similar 
calculations for other systems indicate the ionic strength 
variation to be small also. For example, for the trimethyl- 
lead-sodium selenite, the calculations indicate that the 
MONNe sCrength variess from 0v30"at'pH 125" to? 028" at pH 7.83 
to 0.27 at pH 2. The sulfite, selenite, and sulfide ligands 
are sensitive to air; therefore, solutions containing these 
anions were prepared with boiled and cooled water and in an 
argon atmosphere, uSing an appropriate amount of the crystal- 
line salt of the ligand. Nmr spectra were obtained immediate- 
ly after sample preparation. 

For experiments involving chemical shift measurements 
ast attunctiron Of pH, solutions of *ligand¥to trimethyllead 
Gatios varying from two to thirteen, as-appropriate, were 
prepared. 

Mole ratio experiments were performed at constant 
pH. Each sample required in these experiments was pre- 


pared individually; the required amounts of ligand and 
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trimethyllead were mixed, and sufficient solid sodium 
perchlorate was added to the solution to bring the ionic 
strength to 0.3 M (in the case of trimethyllead - sodium 
thiocyanate, the ionic strength was brought to 1.5 M). 
The pH was adjusted to the appropriate value with 
perchloric acid. The mole ratio experiments were at pH 
4, and in one case 5, so that very little acid was 


required. 
G. Determination of Formation Constants by NMR Spectroscopy. 


The formation constants of the trimethyllead complexes 
were calculated from the chemical shift of the methyl 
protons of trimethyllead in solutions of known pH and 
- known trimethyllead and ligand concentrations. 

In this thesis, all the systems studied were found 
to be labile; that is, the trimethyllead moiety is 
exchanging between its various forms (aquated, hydroxy 
-complexed, and ligand-complexed) at a rate which is 
fast on the nmr time scale. Thus a single sharp resonance 
is observed for the methyl protons of trimethyllead and 
the observed chemical shift is the weighted average of 
the chemical shifts of the various trimethyllead species. 


Thateis;, 
Tie } Bad (6) 


where Sob represents the observed, exchange-averaged 
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chemical shift of trimethyllead, and Pe is the fraction 
and 6, is the chemical shift of the ith species in 
solution. 

The formation constants and the chemical shifts of 
the complexes were determined from experiments where 
either the pH or the mole ratio was varied by curve-fitting 
the data to equation 6. The curve-fitting program used 
was generously supplied) bya Drs. bee Dye and V. A. Nicely 
of Michigan State University. This program, KINET, has 
been described in the literature (53). A user-supplied 
subroutine is required to describe the model to be fitted 
to the data. To use equation 6, it is necessary to solve 
for the various fractions, P.. The fractions are 
calculated from the equations for the formation constants 
(i-2 such equations are defined for a binary system) 
and the mass balance equations for trimethyllead and 
ligand. Manipulation of the i equations to eliminate 
aiigbubtsone: Eract ron jsex, sgives:aygpolynomial fin Px .essThe 
coefficients of Px in this polynomial are in terms of 
the formation constants, the concentrations of hydrogen 
ion or hydroxide ion, the total trimethyllead and ligand 
concentration 2 solutronvotrthis polynomial formers was 
achieved iteratively using the Library Subroutine DRTMI 
which is part of the SSP Library Subroutine Package; 
with this value for Px, the other fractions were then 


calculated using the appropriate formation constant 
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equations. Once calculated, the fractions were then used 
to calculate a chemical shift with equation 6. The 
difference between this predicted chemical shift and the 
observed chemical shift was then reduced in the program 
KINET by systematically varying the initial guesses for 
the unknown formation constants and chemical shifts. 
Examples of the application of the above procedure 


are described in detail in Chapter IV. 


H. Determination. of Acid Dissociation Constants of 


Selected Ligands by pH Titration. 


The acid dissociation constants of some of the 
dibasic ligands were obtained by potentiometric titration 
using a glass electrode. The titrations were carried 
out using carbonate-free NaOH and the ionic strength was 
Gontrolled. at, 0.3) M with Naclo,. The initial pH was 
reduced to a value of ~3 using concentrated HC10,. The 
Solut?on is thus a mixture of strong acids, HC10, and HoL, 
and a weak acid HL and the titration yields two inflec- 
eiOnmepormneus. | Titration .of the strong acids #yrelds a 
sharp inflection point at pH ~4-5 and that of HL yields 
amlessesharp antlecti1on point at shigher "pH... The) acid 


dissociation constant, which is defined by equations 7 


and 8, was determined from the pH titration data between 


2- 


HL =H +1 (7D) 
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CHAPTER IIT 
TRIMETHYLLEAD SPECIES AND EQUILIBRIA IN AQUEOUS 
SOLUTION 
In this chapter, nmr results are reported for the 

aqueous solution chemistry of trimethyllead. The aqueous 
species have been identified and constants for the 
equilibria between the various species have been deter- 
mined. This research was done in collaboration with 


Dime ls OAYCL, oc sbacks, ANGsDYr., Co. Ame evans (490° 
Results and Discussion 


The proton magnetic resonance spectrum of trimethyllead 
in aqueous solution at approximately neutral pH is shown 
in Figure 1. The spectrum consists of a singlet flanked 
by two less intense satellite lines. The central resonance 
is assigned to the protons of methyl groups bonded to 
isotopes of lead having a nuclear spin of zero while the 
satellite resonances are due to protons of methyl groups 


bonded to 207 


Pb, which has a nuclear spin of one-half 
(22.6% natural abundance). The chemical shift is given 

by the position of the central resonance and the lead-proton 
coupling constant by the separation of the satellite 

lines. Both the chemical shift of the methyl resonance 

and the lead-proton coupling constant are to some extent 


dependent on the nature of the ligand coordinated to the 


trimethyllead. ~To illustrate, the chemical shift of the 
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methyl resonance for a trimethyllead solution containing 
no coordinating ligand other than hydroxide ion is pH 
dependent. The chemical shift of the central resonance 
is shown as a function of pH in Figure 2 for a 5.00 x 107° 
solution of trimethyllead perchlorate. Over this same pH 
range, the’ coupling constant varies from 77 Hz to 79 Hz 
(48). The pH dependence is due to the formation of tri- 
methyllead hydroxide complexes as the pH is increased 
from acidic to basic. There is no evidence for the addi- 
tion of more than one hydroxide ion per trimethyllead 
Sactionsup to pn l2,sat which point essentially allvos 


the trimethyllead has been converted to (CH PbOH. 


3)3 
The aqueous species of trimethyllead and the equi- 
librium constants for these species were determined from 
chemical shift vs. pH data of the type shown in Figure 
2. Chemical shift data were used for solutions having 


trimethyllead concentrations in the range 5 x nay = M to 


Ze xX Ton M. Representative chemical shift data are 
presented in Tables 1 and 2. At low pH, the trimethyllead 
is present as (i) 395 while, @tepH 212 1c is “present 


as (CH PbOH. 


3)3 
The first model tested involved a simple acid-base 


equilibrium for the conversion of (Gre) Epp EO (CH) ,PbOH. 


(CH3) Pb + OH ~<——* (CH,) ,PbOH (9) 


[ (CH) ,PbOH] 
Ky pe awe Aa ae (10) 
[(CH,) 3Pb } Aoy- 


M 


Zeihe 


eee, 
an ae paces: 
yee yraacge® 


a Mae: aan ber: 


w “or x soo8 pr ne 
Hg ome eids 18v0- . : 
cu @ od a Samat piemgeanen 
~ixve 20 wotdaise? edt oF, <a a 
bosentond ah ¥q, oH, i f : 
~isbe ete Sed, sometitve merry paises cry 
bast tyr tuw: lat hry od. WBE MMedoaT io. : ; Lali 

ro Lhe @ilstsaecee Jaiog theo Pile Ja4 
296%; 1, 8D) O Gedsegnad sale Ansa me. 

-tupe edd bas Beet hwltente)) 4c! aekeege comess ome. | 2 
o1? beriereded sev sbipoge feats 38 asnadinees xilgliaee : . 
oxipl® at awole ogy) eds Qo 76h fy vay vokite Leckey * : 
privat ecoidofoe 1a? Peal @zaw ao whe scap seo deies, an A 

of M “ni g 2 spney odd ‘qt banivedsaeaee haan eee i” 
ain edeh ‘sR2Ae Lars toast ov itatnswn age, at Mow ae 
neoliyriigmkad ot wig wor te <8, boom oh pmeigonnce 


jasaetg wl a4 SiS "3 oe, ahh ae 


veedr hte a 8 erie pnts son 


i 


> 


(@) 


(OL) 


0, 


28. 


124 


1.28 


ppm vs DSS 


1-40 


1-44 


1.48 


CHEMICAL SHIFT, 


1.52 


1.56 
2 4 6 8 10 NZ 


FIGURE 2. pH dependence of the chemical shift of the methyl 


protons of trimethyllead in an aqueous solution 
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containing, 5.000x 10 ~ M trimethyllead perchlorate. 


For this model, Equation 6 becomes 


6 = Pp hee) ef, 
obs (CH) 3Pb (CH,) Pb 


(11) 
+ Pp 6 
(CH,) 3PbOH (CH) 3? DOH 
where 
[ (CH) Pb" ] 
(CH) 2Pb + 
335 [ (CH) ,Pb ] + [ (CH) ,PbOH] 
and 
[ (CH, ) ,PbOH] 
P(CH,) .PbOH ~ == —_______ (13) 
B23 [( CH.) = Poeje.. (CH) 2PbDOH] 
Sikes Sae3 
Substitution of the relationship 
1 =P ee + Pp (14) 
(CH,) ,Pb (CH) ,PbOH 
into Equation 11 gives 
Sobs ~ °(CH.,).Pbt 
. = Sai ede eee (15) 
(CH) ,PbOH 5 hie a 
(CH) 3PbOH (CH3) 3Pb 
The observed chemical shift at low pH was taken as 
° (CH) ,Pb* (1 535. ppM@ande that vat? pHFo wt i2Zas ° (CH) ,PbOH 
(1.253 ppm). In the intermediate pH region where ae is 


° (CH) ,PbOH was calculated 


errecciy 2 rom Oone with Equation 15. From this value and 


between these two values, 


Equations 12-14, [ (CH) ,PbOH] and [ (CH Pb*] were obtained, 


3)3 
from which K, was calculated. This procedure was repeated 


at each Sob intermediate between 6 + and 6 


Ss (CH3) ,Pb (CH3) ,PbOH 
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In Table 1 are presented the results obtained for a 
5.00 x 10> M solution of trimethyllead. ‘The log mete 
seen to be relatively constant over the pH range 7.18 to 


10.67, with variations of a random rather than systematic 


TABLE 1 
Chemical Shift Data and Calculated Values for log K £or 
Trimethyllead.2'P 
b 
PH Sobservede eee 
2eL3 Te o4 
a210 i 5B4 
4.42 e555 
5708 12585 
Cah 1.534 
TES Loos 4.96 
7203 A Meds 12472 4.83 
SLs 1.514 4.78 
S39 1.492 4.86 
8.69 1.462 4.85 
Baa 1.431 4.84 
9218 L390 4.84 
9.34 1 36.8 4.82 
9.59 aA se 479 
est sia D306 4.82 
EO F09 28 F 4 Ui. 
20737 Dee 4.77 
POeog Le PM a 72 482 
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FOOTNOTES for TABLE 1 


Mies LOOIRSLOFS 


M trimethyllead perchlorate. 
b)2-25°C; Ionic strengthsens0 iM (NaclO,). 


c) ppm vs DSS. 


nature. The average is log K) = 4,83 + 0.05, where the 
uncertainty is the standard deviation. 

In Table 2, the results obtained for a 0.185 M 
solution of trimethyllead are presented. Examination of 
the results indicates that at this higher concentration 
there is a continuous decrease in log K, as the pH 
ancreasesi.. This indicates that the model represented by 
Equations 9 and 10 does not completely describe the 
aqueous solution chemistry at this higher concentration. 
The concentration dependence, evident by comparison of 
the results in Table 1 with those in Table 2, suggests 
that at the higher concentration additional species 


torm from (CH,) 3Pb™ and (CH PbOH by unsymmetrical 


213 
equilibria. Because of the unsymmetrical nature of the 
equilibria, the position of equilibrium will favour the 


Simple species (CH) ,Pb™ and (CH,) ,PbOH at the lower 


concentration. 
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TABLE 2 


Chemical Shift Data and Calculated Values for log K, for 


1 
Trimethyllead.2'? 
pH § . fog Ke" 
observed 1 
lea 1 535 
3.78 1.535 
5222 1534 
6.12 153 0 — 6.09 
7.08 1.515 So 
Peat 1.496 5.79 
Tease 1481 5.60 
7.98 1.464 5.54 
B23 1.443 5.45 
8.48 1.423 5335 
8.74 1.400 Ge22 
9.05 iba Suey) 5.05 
9.27 1.359 4.95 
9.49 12340 4.85 
9.77 T3158 4.75 
10.04 3.02 4.64 
10.28 1.286 4.59 
10.60 e273 Ao 
sagt 1.266 4.48 
ib Arey. S262 4.46 
Daversa: Nee 2 Si 4.49 
Iba sy, 1.256 
11.94 1.254 
122326 1252 
U2 7 e252 
1 2he7 8 125s 


a) 0.185 M trimethyllead perchlorate. 
bye 25-C- lone: strengchn: 0-50°M (NaClO,). 
S)ppm vs) DSS. 
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Of the various models tested, the best fit to the 
nmr chemical shift titration data was obtained with the 


model described by Equations 9, 10, 16 and 17. 
+ : > + 
(CH,) ,Pb + (CH) ,PbOH ~—— ((CH3) ,Pb) ,0H (16) 


4 
f.( (CHS) 42D) 508 ] 
& wig hee ae (17) 


K 
2 - 
[ (CH) ,Pb ] [ (CH) ,PbOH] 


where Ki and K are the formation constants for mononuclear 


and dinuclear hydroxide complexes, respectively, and aonn 


is the hydroxide ion activity. (Cie) epie on can be 


+ 


considered to form by association of (CH,) 3Pb and: s(CH 


Bae 
PbOH as represented by Equation 16. As the total trimethyl- 
lead concentration decreases, the position of this 
equilibrium will shift to the left in favour of (chi) ele 
and (CH3) ,PbOH. For the model described by Equations 9, 


10, 16 and 17, Equation 6 becomes 


ae = ° (CH) ,Pbt *(cH,) ,Pbt ic ° (CH) ,PbOH ° (CH,) ,PbOH 
(18) 
ve, + 6 4+ 
((CH3) Pb) ,0H™ © ( (CH) 3Pb) 20H 
where 
+ (19) 
é ae [(CH,),Pb ] 
(CHa) -Poera + + 
Bas [(CH,)4Pb J + [(CH,) PbOH] + 2[ ((CH,) ,Pb) .0H'] 
[ (CH) PbOH] (20) 


Pp = 
(CH. ) ,PbOH + a 
3.3 [(CH,) Pb } + [ (CH) ,PbOH] + 2[ ( (CH) Pb) ,0H ] 
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+ eZ) 
2[((CH,) ,Pb) .0H ] 


+ + 
[(CH,) Pb ] + [ (CH, ) ,PbOH] + 2[((CH,) ,Pb) ,0H ] 


P + 
((CH,) ,Pb) ,OH 


Rearrangement of Equation 10 to Equation 22, 


ah + 
[ (CH) ,PbOH] s Ky aq y- | (CH) 4Pb ] (22) 


and dividing both sides of this equation by the total 


trimethyllead concentration yields Equation 23. 


a = Ky aoy-P + (23) 
(CH, ) ,PbOH OH (CH,) Pb 


In the same way, P((CH Pb) .OH+ can be expressed in terms 
2 


3)3 


of K, Ky, aon- and (ens \eeb Substitution of these 
relationships for P and P -aenco 
(CH,) ,PbOH ((CH,) ,Pb) ,0H 


Equation 18 gives Equation 24 
(24) 


6 = Pp rep ie) ay He Kar +6 
obs (CH,) 3Pb (CH3) Pb LOH (CH,) ,Pb (CH, ) ,PbOH 
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Leen Or (CH3) 3Pb (CH) 3Pb) QOH 


P (CH) ,Pbt is then expressed in terms of K,, K, 


the total trimethyllead concentration as follows. The 


mass balance for trimethyllead is 


+ 
[ (CH) Pb] [(CH,) ,Pb ] + [ (CH) ,PbOH] 


EOtal = 
(2p) 


+ 
+ 2[ ((CH3) ,Pb) 50H ] 


[(CH,) Pb] represents the total concentration of 
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a5, 
trimethyllead. Dividing both sides of the equation by 


[(CH,) Pb], 0, leads to Equation 26. 


al 
1 =P are + P - (26) 
(CH) ,Pb (CH, ) ,PbOH ((CH,) ,Pb) 50H 
Substitution of Kl Aon- and ° (CH) 3Pb* imape (CH,) 3PbOH and 
the analogous relationship for ° ( (CH) 3Pb) ,OHt Into 
Equation 26 leads to 
eeECe OCPD ie Nicoue! (cu eps 
8°.3 3-3 (27) 


2 
+2 
“1"20H-? (cH,) ,Pbt 


Solution of this equation for P + by the quadratic 
(CH3)4Pb 


formula gives (28) ; 
y) = 
k : PGi ete) Ona ere te chee I(t a 2 ol Ph) 
are) 4K, K,a__.-[ (CH) .Pb] 
ae mOrl Bias total 
K), K, and ° ((CH,) 3Pb) ,0H* were evaluated from 
chemical shift data, over the. pH»range’ 05-130 and tri- 


methyllead concentrations in the range 5 x 10° >m to 


as 4 Ves M, using the non-linear least squares curve 
fatting program KINET) (53). Theochemicaleshitts® off the 
cationic (CH) ,Pb™ and neutral (CH, ) 3PbOH were taken as 
the limiting shifts of sufficiently acidic and alkaline 
solutions; respectively.1 The curve) fitting’ procedure 
involved using Equation 24 and 28. These were supplied 
asi aasubroutines tol the curve. fitting program) KINET.°. The 


program was then given initial estimates for Kj, Ky and 
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It then calculates P 4 with 


6 ee 
((CH,) ,Pb) ,0H (CH) ,Pb 
Equation 28 followed by Spred with Equation 24 at pH and 


[(CH3)3Pb], 443 values corresponding to the experimental 


data using the estimates for K,, K and 6 


2 ((CH,) ,Pb) ,OHT” 


The non-linear least squares program then compares Cane 


tO0 and adjusts K K, and 6 


’ ’ Le CO 
pred 1 ((CH3) 3Pb) 0H 


Minimize the sum of the squares of the residuals (SSR) 


(defined by Equation 29). 


2 


SSR = (8; ) (29) 
ak 


,;pred 7 ommone 


4 is 


By this procedure, the values K, = 7.34 (40.1) x 10 M 


1 1 were obtained for the 


anceeoe 3.12 (20.1) x LO M4 
formation constants of trimethyllead hydroxide and the 
trimethyllead dimer, where the uncertainties are linear 
estimates of the standard deviation. The chemical shifts 
of the species are 1.535 (CHE rau)e 1255 ((CH,) 3PbOH), 
and 1.327 ppm ((CH) Pb) 0H"), quoted from DSS. 

Because of the unsymmetrical nature of the equilibrium 


for -themtormatron of ((CH Pb) OH” (Equation 16), the 


3)3 


extent to which ((CH Pb) ,OH” forms is dependent on the 


3)3 
total concentration of trimethyllead and the pH; reducing 
the total concentration of trimethyllead present in solu- 


+ 
tion reduces the concentration of ((CH Pb) ,0H ee T'S 


3)3 
illustrate, the species distribution, calculated using 
the above values of K) and K, and a trimethyllead concen- 


tration of 0.200 M,is shown in Figure 3. Figure 4 shows 
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FRACTIONAL CONCENTRATION 
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Bos Ra. 


(CH,), Pb OH 
—— 


pH dependence of the trimethyllead species 
distribution in a 0.200 M aqueous solution 


calculated using K, and K, as inthe stext. 
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FRACTIONAL CONCENTRATION 


FIGURE 4. 


(CH3)3 Pb OH 


pH dependence of the trimethyllead species 


distribution in a 5.00 x 10 


calculated using Ky and K 


2 


3 M aqueous solution 


as in the text. 
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species distribution at a trimethyllead concentration 


Om 5.00Tx 10m M. At a total trimethyllead concentration 


Of 5 008 x 1On? M, the maximum fractional concentration of 


trimethyllead as ((CH Pb) OH” is 0.07 as compared to 


3)3 
a maximum fractional concentration of 0.57 at a total 
trimethyllead concentration of 0.200 M. 

There are no reports in the literature of studies 
of the aqueous solution chemistry of trimethyllead for 
comparison with the results of this study. However, the 
model which best fits the experimental data is analogous 


EOetnal Hor the aqueous Solution equidaibria Of metayl— 


mercuryai(51;,54 ,55)).. 
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CHAPTER IV 
TRIMETHYLLEAD COMPLEXES OF SELECTED INORGANIC ANIONS 
The results of a study of the complexation of tri- 
methyllead by the inorganic anions sulfite, selenite, 
thiosulfate, thiocyanate, sulfide, phosphate, carbonate, 
iodide, bromide, chloride, and fluoride are presented 
in this chapter. The complexation of these ligands by 
trimethyllead was studied by nmr, using the chemical 


shrrte*trerativon ‘method. 
A. Results 


1. The Sulfite and Selenite Complexes of Trimethyllead. 
The binding of trimethyllead by the sulfite and 

selenite ligands, SOLA8 and Beonans was investigated by 
monitoring the chemical shift of the methyl protons of 
trimethyllead as a function of solution conditions. 
Solutions having ligand-to-trimethyllead ratios of 12:1 
for the sulfite system and 10:1 for the selenite system 
were used in these studies to maximize the fraction of 
trimethyllead complexed. Because of the easy oxidation 
of sulfite by dissolved oxygen, solutions were prepared 
with boiled and cooled water and in an argon atmosphere, 
using an appropriate amount of the crystalline salt of 


the ligand. Spectra were obtained immediately after 


sample preparation. 


40 


vee ian 


‘he he aa 
* pwoaaik Sukoabeny 
hag fo noivane lees 
stiaatos Pee > Liao 4 a 
_ schenredie9 Bare om PaHe wi. pen ber 
besrndeaxrg oun ofbeet Bh Rte vioeraarnt b) 
vi ehasptl veers 26 rok ake Lg oat: wie 

Leoknass Sid ‘pdibee alii tactics 


’ ‘ 
caf lyriverin 29 weet igo. ed acmelee meee Ere Lee: em 


pop egkties ett va Qed fer Seat Fe wrt herded vt a 
v4 buagmpiteoeval aGy ) ae hal * ie (ebneprt odds 2 
anétera ivétom ada bo sais Tenia awit gabe 


roay Le a * DAC wd virl a to ci 3 D bed d te & 8&6 Fuad Syl 


, a 


= 
ry 
= F- ot) 


; | 
; 


t:8I Yo eodvan reco Agttemst -ot~-baapkl get yeth eto 
eesy néiss afd 08 1601 Ore ten ee Ste ive ott sa a 
+A goleses? sda onhe@beee ae ebchede, Saar as nen 
ols6DiNA vase wht 20 eeeeted ©. bea igi emt ey 
éqerqg siew anotdeioe <iegyre bavi epi’ gd. 62 er 
edges aay ee Ay WD; wit teiav Galcao* haa ero 
to tice sadliasayao ood Se. Colas waimenigge 
16220 hotel hems L reiiened cide sith 


i 

- 

a] 
A 
prs 
be 


The chemical shift of the methyl protons of tri- 
methyllead is presented as a function of pH in Figure 5 
for both a solution of trimethyllead perchlorate (open 
points) and a solution containing trimethyllead per- 
chlorate and sodium hydrogen sulfite (solid points). 
Similar data are shown in Figure 6 for the trimethyllead- 
selenite system. 

The two chemical shift titration curves in Figure 5 
are different over the pH range 4.5-11, indicating some 
complexation of trimethyllead by sulfite over this pH 
range. At high pH, hydroxide ion competes with the 
sulfite for the trimethyllead, while at low pH protons 
compete with the trimethyllead for the sulfite (pK, of 
HS03 = 6.79). Similarly, the data in Figure 6 indicate 
bean complexation of trimethyllead by selenite over the 
pHa range, 5-12. 


Formation constants were calculated for trimethyl- 


lead-sulfite and trimethyllead-selenite complexes from 


Eheschemrcal shift~data in» rigures seand (G4 (Thesprocedure 


will be discussed in detail, using the trimethyllead- 
sulfite system as an example. 

Because the exchange of trimethyllead between its 
various forms in trimethyllead-sulfite solutions is fast 
on the nmr time scale, separate nmr signals are not 
observed for the complexed species. Rather, an averaged . 


resonance is obtained. Tondetermine, the wormation 
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ELGURE oe DH dependencer ot the chemrcalm shift of the metny | 


protons of trimethyllead in an aqueous solution 
COnLaIni nd po0 0x ioe M trimethyllead perchlorate 
(open points) and in an aqueous solution contain- 
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ing 5.00 x 109° 9M trimethyllead perchlorate and 


0.0612 M sodium hydrogen sulfite (solid points). 
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constants from the averaged chemical shift, models must 
be proposed for the complexation equilibria. The experi- 
mental data is then fit to the models. Of the various 
models tested, the best fit was obtained for a model in 
which the trimethyllead and sulfite form a simple one- 
to-one complex. The equations which describe this 


model are: 
+ — 
(CH,),Pb + OH —— (CH,) ,PbOH (30) 


1 + 
(CH,) Pb" + (CH) ,PbOH === ((CH3) Pb) 0H’ (32) 
H.,) ,Pb) OH’ ] 
__ TC{CH,) Pb) 5 
2 cra eva Sa NRG RESET os 
[ (CH) ,Pb*] [ (CH) ,PbOH] 
- sey hy 82 (34) 
So. Se 
2- 
aE ISO «iH 
[HSO, ] 
+ 2- as - 
(CH,),Pb + SO,° === (CH,),PbSO, (36) 
[(CH,)PbSO, ] 


pi fies 


+ 
[(CH,),Pb ] [SO, ] 


where K, = 7.34 (40.1) x ean Syn ANE I) Be 102 


(Chapten= 11), -and.a and Art represent the activity 
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of hydroxide ion and that of hydrogen ion, respectively. 


K, is the acid dissociation constant of HSO which was 


ts 


determined to be 1.62 x 10 ° by pH titration with standard 


NaOH. Kr is the formation constant of the trimethyllead- 
sulfite complex. For the model defined by Equations 
30-37, the exchange-averaged chemical shift is described 


by Equation 38. 


§ |, Bee 


= Pp +6 6 
obs (CH) 3Pb (CH) 3Pb (CH) 3PbOH (CH) ,PbOH 


+ Pp 30 “- 
((CH,) Pb) 0H ( (CH) Pb) ,0H (38) 


+t oP. 
(CH) ,PbSO 3 


-6 
3 (CH) ,PbSO 


where P refers to the fraction of the total trimethyllead 
in that form and 6 to its chemical shift. The values 


used for 6 and 6 + were 


Le oO 
(CH3) 3Pb ‘ (CH3) 3PbOH ((CH3) 3Pb) 50H 
obtained from the study described in Chapter III. The 


fractions are defined by Equations 39-42. 


[(CH,) 4Pb"] ne 
P += 39 
(CHe Pb 
3/3 UUGHE PD last 
[ (CH) ,PbOH] 
P(CH,).PbOH ~ 0) 
3/3 PCH eer OT tes 
+ 
t a [( (CH) Pb) ,0H ] a 
( (CH) ,Pb) ,OH 
sae icp Palas 
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[ (CH) ,PbSO, ] 


P adi cap oem SE et (42) 
CH.) .Pbso 
(CH) ,PbSO, Pica) Dinter 


. + 
where [(CH3)3Pb], 4a) = [(CH,) ,Pb ] + [ (CH) ,PbOH] as 
nel 


2[( (CH b a oe 
3)3P ) OH ] + [ (CH) ,PbSO 


3 
The formation constant was evaluated from the chemical 
shift data by fitting the data to Equation 38 with the 
nonlinear least squares program KINET. The curve fitting 
procedure involves: 


(a) Estimating initial values for K- and 6 


(CH) 3PbSO,7" 


(b) With this estimate for Ker the computer program then 


calculates P 


+, Pp , P +7 
(CH3) Pb (CH3) 3PbOH CCH Pb) ,0H 


3)3 

and M(CHAIGPSOs at the pH of a qiuvenidata poing 
(by the procedure described below). 

(c) With these fractional concentrations, the estimate 
for ° (CH) 3PbSO3~ and the known values for the other 
chemical shifts, the program then predicts a value 
for the exchange-averaged chemical shift (9; prea) 
atirthat spH. 

(d) "Steps (b) and’ (c) -aregthens repeated) for-each data 
point in the data set. 

(e) The program then compares the predicted chemical 
shifts to the observed chemical shifts by calculating 
the sum of the squares of the residuals (SSR). 

(f) The program then adjusts K- and ° (CH) ,PbSO - to 


3 
minimize the SSR. 
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(g), Steps.(b) through. (f) are then repeated until the 


best values for Ke and 6 are obtained 


(CH3) ,PbSO,~ 


from the particular experimental data, as indicated 
by the minimum in the SSR. 
Steps (c)-(f£f) are performed by the program KINET. The 
user supplies a model equation (Equation 38 in this 
application) by means of a subroutine. The calculations 
in step (b) are performed with user supplied equations 
in the same subroutine. 

The procedure in step (b) for the calculation of 
the populations will now be described. The procedure 
involved first calculating the concentration of (CHE JEEDI 
by using the mass balance expression for the trimethyl- 


lead (Equation 43) and that for the ligand (Equation 44). 


2 
3 


CHSCs |e +84 SO ea lee [ (CH3) ,PbSO, ] (44) 


Score it = 3 


BYesubSt CuLCTOn Ofsegquations ol. 33, 35 @.and 37) Into 


Equations 43 and 44, Equations 45 and 46 are obtained. 


Phi y(itKk 


[(CH,) 3Pb], otal [(CH,) 5 1°oH™ 
+ 
+2K,K,a,,,-[ (CH) 4Pb ] (45) 
KK, rr 
ieee [HSO,7]) 
aie 
K K_K 
2- = - ia aae + 
[So, eT = [HSO, }(1 + + ae Kets PD ]}) (46) 
Art Ayy+ 


46. 


: ae 


ei (ale), Dt | 
ey at ; scan a 


ills: 
ane i te ee 


T bis 
‘ "ee 


makics ‘¢ Som Gt att wit ——a to. 


er. - 
a ghey ot, (2971 = 


He 


; “at, | : AON siggy Se 


Rearrangement of Equation 46 leads to 


2- 
: [eon] 
oy hy eircom a) 
Nip ee [ (CH) ,Pb"] 
at at 


Substitution of Equation 47 into Equation 45 and re- 


arranging yields a polynomial equation in MeH ere 


OM GA) Call Cine Gees | AM (1+K,a.._-~)K_K 
Like me OH [ (CH) ,Pb*]> ie 1° OH act 
Saas Sha Pe 
LS +,2 
+ 2K, Kyaop- (1.+ — ) [ (CH) Pb ] 
ret 
(48) 
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The coefficients in this polynomial are functions of Kis 


2~ 


Kor eT (CH Pb] and [SO. ] (which are 


als total’ 


wealara 


total 


known) , (which are known experimental 


OH OH- 
parameters) and Kr (which is estimated initially and 
the estimate is then refined by the nonlinear least Squares 


program). “The=nrirst -scep. inthe cailculation-of [ (CH) ,Pb"] 
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was to calculate each of the coefficients, and then to 
solve the polynomial with the subroutine DRTMI, which 


is part of the SSP Library Subroutine Package. [ (CH3) 3- 


PbOH] was then calculated by substitution of this value 


for [ (CH) ,Pb"] into Equation 31 and [ ( (CH) 3Pb) ,0H”] 


by substitution of these two concentrations into Equation 
BS. [HSO, ] was calculated by substitution of the value 
for [(CH,) 3Pb"] into Equation 47, and from this value 


oem was calculatedGwithrEbquationes > seu cH PbSO, ] 


3)3 
was then calculated by substitution of this value and 
[(CH3)3Pb ] into Equation 37. The populations were then 
calculated by substitution of these concentrations into 
Equations 39-42. 

The Kg obtained for the (CH) 3PbSO,_ complex by 
this procedure using data covering the pH range 7 to 
12.7iaseiecs tod ,twhere@theduncertainty#istalinear 
estimate of the standard deviation (provided by the 
computer program KINET). A value of 1.407 ppm was 


obtained simultaneously for 6 Attempts to 


3) 3PbSO37 


fitechemicalyshatt datascoveringrtheypH ranger3.to.7 to 


(En 


this model were unsuccessful, with large differences 
between the observed and predicted chemical shifts. In 
this pH region, the free sulfite is predominantly in 
the form HSO, , suggesting that the species (CH3) ,PbHSO, 
might also be forming at pH less than 7. Attempts to 


fit the observed chemical shift data to a model involving 
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the species (CH, ) 3PbHSO, in addition to the four species 
in the model described above resulted in a formation 
constant for which the linear estimate of the standard 
deviation was considerably larger than the formation 
constant. This suggests that the concentration of 

(CH3) 3PbHSO, must be small, or that some other complex 

is present. Consequently, the model represented by 
Equations 30-37 describes the trimethyllead-sulfite 
system only at pH greater than 7. The observed and 
predicted chemical shifts for this pH region are in good 
agreement (Figure 5). The difference between the pre- 
dicted chemical shift curve (dashed curve at pH < 7 in 
Figure 5) and the experimental points indicates that 
other trimethyllead-sulfite complexes must be forming 

in this pH range. Selenium and sulfur are both Group 

VI elements, and their coordination chemistry is similar. 
The behavior of selenite anions towards trimethyllead 

is expected to be similar to that of sulfite. The 
Similarity of the nmr titration curves for trimethyllead- 
selenite solutions to those of trimethyllead-sulfite 
solutions indicates this to be the case. The ee chemical 
shift titration curves in Figure 6 are different over 

the pH range 5-12, indicating some complexation of 
trimethyllead by selenite over this pH range. The 
titration curves show that selenite competes more strongly 


with hydroxide for the trimethyllead than does sulfite 
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FIGURE 6. pH dependence of the chemical shift of the methyl 
protons of trimethyllead in an aqueous solution 
Containing =>. 007x es M trimethyllead perchlorate 
(open points) and in an aqueous solution contain- 


S 


Pricge 4065 .0xk 10 ~ M trimethyllead perchlorate and 


0.0504 M sodium selenite (solid points). 
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at high pH. At low pH protons compete with the trimethyl- 
lead for the selenite (pK, of H,Se0, a are: 9) Lo 

The formation constant and chemical shift of the 
trimethyllead-selenite complex were determined from the 
chemical shift versus pH data by the method described 
above for the trimethyllead-sulfite complex. The Ke 
obtained for (CH3) ,PbSe0,~ by this procedure using data 
GOvering thes pH range /.S *to-l207Fis 79054 "+74; where 
the uncertainty is a linear estimate of the standard 


deviation. pHecou 1.425 ppm was obtained 


) 
Sis 3 
Simultaneously. Attempts to fit chemical shift data 


S (cH 


covering the pH range 2 to 7.8 to this model were 
unsuccessful, as was the case in the trimethyllead- 
sulfite system, with large differences between the 


observed and predicted chemical shifts. In this pH region, 
Seal 
Suggesting that the species (CH,) 3PbHSe0, might also be 


the free selenite is predominantly in the form HSeO 


forming at pH less than 7.8. Attempts to fit the observed 
chemical shift data to a model involving the species 

(CH) 3PbHSeO., were unsuccessful, which suggests that the 
concentration of (CH) 3PbHSe0, must be small, or that 

some other complex is present. Consequently, the model 
represented by Equations 30-37 describes the trimethyl- 
lead-selenite system only at pH greater than 7.8. The 
observed and predicted chemical shifts for this pH region 


are in good agreement (Figure 6). The difference between 
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the predicted chemical shift curve (dashed curve at pH 
< 7.8 in Figure 6) and the experimental points indicates 
that other trimethyllead-selenite complexes must be 
forming in this pH range. 

There are no formation constants for trimethyllead- 
sulfite or trimethyllead-selenite complexes available 
for comparison with the results obtained in this study. 
However, it is of interest to compare them with the 
formation constants for the analogous methylmercury 
complexes of these ligands (Table 3). These results 
indicate that the trimethyllead-sulfite and -selenite 
complexes are both weak compared with the methylmercury 
complexes of these ligands. Also, the formation constant 
of the trimethyllead-selenite complex is larger than 
that of the sulfite complex, the opposite of the order 
found for the formation constants of the methylmercury 
complexes. In the methylmercury complexes, methylmercury 


binds to sulfur in CHHg(SO,)~ and to oxygen in CH,Hg(SeO,) . 


2. The Thiosulfate Complex of Trimethyllead 

The binding of trimethyllead by the thiosulfate 
ligand, efor was investigated by monitoring the chemical 
shift of the methyl protons of trimethyllead in solutions 
containing trimethyllead and thiosulfate as a function 
of solution conditions. )Solutions having thiosulfate-to- 
trimethyllead ratios of 10:1 were used in this study to 


maximize the fraction of trimethyllead complexed. The 
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TABLE 3 
Summary of Acid Dissociation Constants and Formation 
Constants of the Trimethyllead and Methylmercury Complexes 
of Selected Inorganic Ligands, and the Trimethyllead 


Chemical Shifts of Their Trimethyllead Complexes. 


Ligand pK _* ORs one log Ro 

(CH) 3Pbx CHHgx 
0560 6.79 1.407 18.8 7.96 
Se0,* 7.83 1.425 90.4 6.46 
5,097 1.504 138 11.05 
SCN 1.709 oases 6.05 

HPO,” 6871 1.435 152 

cleat 1030 Ts 7 396 6.10 
ni 1.867 1.89 8.60 
Br 1.692 1.95 6.62 
Ol} 1.595 12 2 Bie25 


Aeee oC e LON LCeSELenGtni0 is Ml (NaClO,) unless otherwise 
noted. 

bDyMPpn VSebpSs. 

c) References 51 and 56. 


Cth Ont cescrengeh (NaClO,). 
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chemical shift of the methyl protons of trimethyllead 
is presented as a function of pH in Figure 7 for both 
a solution of trimethyllead perchlorate (open points) 
and a solution containing trimethyllead perchlorate and 
sodium thiosulfate (solid points). 

The two chemical shift titration curves in Figure 
7 are different over the pH range 2-12.5, indicating some 
complexation of trimethyllead by thiosulfate over this 
PH range. At high pH, hydroxide ion competes with the 
thiosulfate for the trimethyllead. At low pH, trimethyl- 
lead is present as trimethyllead-thiosulfate and the 
free, aqueous forms of trimethyllead. At pH < 2.8, a 
precipitate formed, presumably from the decomposition 
of s¥o.7%5 


2ia3 Ty 
was obtained for a model in which the trimethyllead and 


Of the various models tested, the best fit 


thiosulfate form a simple one-to-one complex, (CH) 5- 


Bb (SeO.) a: 
+ 2- : - 
(CHR EON = 6ch Or gap 4 (CHa), EbS 0. (49) 
___[(CH,) PbS,0, 1 
[Chae Ebay ispocae! 


The formation constant and chemical shift of the 
trimethyllead-thiosulfate complex were determined from 
the chemical shift versus pH data by the method described 
above for the trimethyllead-sulfite complex. The Ke 


obtained for (CH) PbS50,_ by this procedure using data 
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FIGURE 7. pH dependence of the chemical shift of the methyl 
protons of trimethyllead in an aqueous solution 
contatniing S00: x oie M trimethyllead perchlorate 
(open points) and in an aqueous solution contain- 


2 


ing 5.00 x 10 ~ M trimethyllead perchlorate and 


0-0502°M sodium thiosulfate  (solvdspoints):. 
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salGGlibed edad Sb (hc = 1.504 ppm was obtained simultaneously. 
Attempts to fit the observed chemical shift data to a 
model involving the species (GH PBPLWSZOA Ga in addition 
to the four species in the model described above gave 
poor fits. Consequently, the model represented by 
Equations 30-33 and 49,50 describes the trimethyllead- 
thiosulfate system. The observed and predicted chemical 
shifts for the pH region where all the sample points 


were taken are in good agreement (Figure 7) with this 


model. 


3. The Thiocyanate Complex of Trimethyllead 

The formation constant and the chemical shift of 
the trimethyllead-thiocyanate complex were determined 
by monitoring the chemical shift of the methyl protons 
of trimethyllead in solutions containing different mole 
ratios of trimethyllead and thiocyanate. At first, the 
chemical shift of the trimethyllead in solutions contain- 
ing the same concentrations of ligand and trimethyllead 
was Nene! asa, Luncei on of, pH. | The chemical) shift 
titration curves for solutions containing thiocyanate 
are quite similar to those containing no thiocyanate 
over the entire pH region, indicating that thiocyanate 
interacts only weakly with trimethyllead. In order to 
maximize the fraction of trimethyllead in the complexed 


form, this system was studied by mole ratio experiments 
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at a’constant pH, which was chosen so as to minimize 
competition from the hydroxide ions for the trimethyl- 
lead. 14 samples whose ratios DEsscantn thiocyanate to 
trimethyllead ranged from 0 to 300 were prepared indiv- 
idually at pH 5. The chemical shift of the methyl 
protons of trimethyllead is presented as a function of 
the [NaSCN] 


Pb] ratio in Figure 8. The 


total’ | (CH3) 3 
ionic strength was kept constant at 1.5 M with Naclo,. 


total 


A higher ionic strength was used for this system because 
of the wider range of mole ratios necessary to obtain 
the formation constant. The results in Figure 8 indicate 
that the observed chemical shift varies as the ligand 
to trimethyllead ratio is changed, providing evidence 
that SCN forms a complex with trimethyllead. 

The chemical shift changes continuously over the 
range of ligand-to-trimethyllead ratios in Figure 8, 
so that it is not possible to obtain the chemical shift 
of the complex directly. The formation constant was 
calculated for the trimethyllead-thiocyanate complex 
from the chemical shift data by fitting the data to a 
model. In the model which gives the best fit, the 
trimethyllead and thiocyanate form a simple one-to-one 
complex. The equations which describe this model are 


of Brel gV6 toa PAE, 


(CH3) 3Pb™ POGCN Mi CH) S PbSCN (51) 
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FIGURE 8. 
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Mole ratio dependence of the chemical shift of 
the methyl protons of trimethyllead in aqueous 
solutions having sodium thiocyanate and tri- 
methyllead perchlorate ratios between 0-300 at 
pH 5.00. Trimethyllead perchlorate = 5.00 x 10 


Tonre strengtin — 7.5 MM (NaClO "as required). 
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[ (CH) ,PbSCN] 
© 0 See (52) 
[ (CH3) 3Pb J {SCN ] 
Exchange of the trimethyllead moiety between the two 
species in solution was observed to be rapid on the nmr time 
scale and thus the formation constant and chemical shift 
of the complex were determined by similar but much simpler 
procedures to those outlined previously for the trimethyl- 
lead-sulfite equilibria. For the above model, the 


exchange-averaged chemical shift is described by 


Sobs = (CH,)|.Pbr wg CHa)), bt 
(53) 
+ P 6 
(CH) ,PbSCN (CH,) 3PDSCN 
where 
[(CH.) .Pb’] 
Tigi jae o a (54) 
Sues f(CHa)e Pb.) + ~ie(CHe) PbSCN] 
3535 3.53 
and 
[(CHS)-PbDSEN] 
SCH PDSCN es 4 (55) 
Sas ICH) ePbi wakes (CH) DbSGCNi 
Byes SHS 
Rearrangement of Equation 52 and substitution into 
Equation 54 and 55 gives: 
: (56) 


Pp iy Aas ane a aeeeierled as Lhe ne 
(CH3) 3 1 + K,[SCN7] 
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K, [SCN ] 


P a a7) 
(CH) ,PbSCN Tee K- [SCN] 


The mass balance expressions for the trimethyllead and 


for the ligand are: 


= + 
[(CH3)3Pb], 0.4) = [ (CH,) ,Pb fea [ (CH) 3PbSCN] (58) 


SCN” lige [SCN ] + [ (CH) ,PbSCN] (59) 


al = 


Dividing both sides of Equation 58 by the total trimethyl- 


lead concentration yields Equation 60. 


1 f 


op 
(CH,) Pb (CH,) ,PbSCN 


Rearrangement and substitution of Equation 60 into Equation 


53 Vaelds* Equation’ 6). 


egeoray > ° (CH) 3Pb* 
(CH) ,PbSCN Sarr REE ERROR (61) 


6 - 6 + 
(CH3) 3PbSCN (CH) 3Pb 


Supstreuclonyo.  eguacion of A2nto Equation 55 and "then 
substitution of the resulting equation into Equation 59 


gives: 


_ Pars = ery Ab 
[SCN ] = USCN ea - : ae 2 
(CH) 3PbSCN (CH) 3Pb 
(62) 
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Ke ands 


€ (CH) ,PbSCN were evaluated from chemical shift 


data, over the thiocyanate concentration range 0-1.5 M, 
using the non-linear least squares curve fitting program 
KINET. The program was given initial estimates for Ke 


and 6 It then calculates [SCN ] with Equation 


(CH PbSCN~ 


we 
P 
(CH3) 3 


by substitution of the estimated K, and [SCN] into 


62. Pbt and P (CH3) 3PbSCN were then calculated 


Equations™56and’ 57'2@ 6 was then calculated with 


pred 


Equation 53. This procedure is repeated for each data 


point using the initial estimates of K, and 6 


(CH PbSCN* 


3)3 
The non-linear least squares program then compares each 


to 6 and adjusts K, and 6 to minimize 


pred’ (CH3) 3PbSCN 
the sum of the squares of the residuals. 


The Kr obtained for the (CH3) PbSCN ‘complex “by “this 


3 
procedure is 0.381 (+0.03), where the uncertainty is a 
Linear estimate of the standard deviation: '«The chemical 


SHLEGZOL 26 ws¥1l7709 ppm. SeBertagzia(57)) 


(CH3) 3PbSCN 
reported a formation constant for the trimethyllead- 
thiocyanate complex of 631. He determined the constant 


by anion exchange techniques. 


4. Sulfide Complexes of Trimethyllead 

The research on the binding of trimethyllead by the 
sulfide ligand, Be is not completed yet, but the work 
done to date is reported here. The results are of 


interest because research on the binding of trimethyllead 
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by glutathione in this laboratory (17) shows that the 
sulfhydryl group is the strongest organic binding site 
for trimethyllead. 

The binding of trimethyllead by sulfide was invest- 
igated by monitoring the chemical shift of the methyl 
protons of trimethyllead as a function of pH for solutions 
containing about twice as much ligand as trimethyllead. 
These conditions were chosen so as to prevent the forma- 
C10On (On ((CH3) 3Pb) 58 which complicates the studies due to 
its insoluble nature. The chemical shift of the methyl 
protons of trimethyllead is presented as a function of 
pHyIn, Hagure.9 for both a, solution of trimethyl lead 
perchlorate (open points) and a solution containing 
trimethyllead perchlorate and sodium sulfide in a ratio 
of 1/2.46 (solid points). The solutions were made in 
the same way as in the trimethyllead-sulfite study 
because of their instability. The two chemical shift 
titration curves in Figure 9 are different over the 
entire pH range studied (6.8-13), indicating that com- 
plexation of trimethyllead by sulfide is occurring over 
this pH range. 

Of the various models tested for the complexation 
Sere yee a model which considers the two complexes 
(CH3) PbS and (CH,)3PbSH in addition to the three 


+ 


aqueous species (CH) 3Pb (CH PbOH, and ((CH,) 3Pb) ,0H” 


3)3 
provides the best fit to the data. The curve fitting 
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pH dependence of the chemical shift of the methyl 


protons of trimethyllead in an aqueous solution 
containing £5 900hx Loar M trimethyllead perchlorate 
(open points) and in an aqueous solution contain- 
Pg 0 Sax lode M trimethyllead perchlorate and 


0.0124 M sodium sulfide (solid points). 


dd. OI aalenee. a 


teadaled ve oe 


procedure described for the trimethyllead-sulfite system 
was used, however it has not yet been possible to obtain 
precise values for the formation constants and chemical 


shifts of (CH,) ,PbSH and (CH,),PbS . There are experi- 


3)3 
mental problems also in that some precipitate appeared 
in the nmr tubes after the nmr measurements. This may 
indicate decomposition of the trimethyllead-sulfide 
complexes as proposed by Jarvie, Markall and Potter 

in their mechanism for the formation of tetraalkyllead 
from trialkyllead solutions containing sulfide(6). 

The formation constant of (CH) ,PbS” appears to be 
in the range 10/ and sthath or (CH) ,PbSH in the range 
104, consistent with the expectation that trimethyllead 
forms a stronger complex with sulfide than with the 
other ligands studied. However, the formation constants 


are considerably less than for the corresponding methyl- 


mercury complexes (54). 
5. The Phosphate Complex of Trimethyllead 


The binding of trimethyllead by phosphate was 
investigated by monitoring the chemical shift of the 
methyl protons of trimethyllead as a function of solution 
conditions. The chemical shift of the trimethyllead 
protons is presented as a function of pH in Figure 10 
for a solution containing trimethyllead perchlorate 


and di-sodium hydrogen orthophosphate in a ratio of 1/2.7 
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FIGURE 10. pH dependence of the chemical shift of the methyl 
protons of trimethyllead in an aqueous solution 
Containing, 2005s eke M trimethyllead perchlorate 
(open points) and in an aqueous solution contain- 
PG eo U0 ex Ome M trimethyllead perchlorate and 
0.0135 M di-sodium hydrogen orthophosphate (solid 


points). 
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(solid points). For comparison, chemical shift data is 
also presented for a solution containing only trimethyl- 
lead perchlorate (open points). 

The two chemical shift titration curves in Figure 
10 are different over the pH range 5-12, indicating some 
complexation of trimethyllead by phosphate over this pH 
range. Below pH 5, the proton is more successful than 
the trimethyllead for phosphate, (pK, of HPO, = 6511)7 
so that a large fraction of trimethyllead exists as 
(CHy) seby and the ligand as HPO, - At high pH, hydroxide 
ion competes with the phosphate for the trimethyllead. 
Of the various models tested, the best fit was obtained 


for a model in which the trimethyllead and phosphate 


inthe. form HeO 2- 


4 form a simple one-to-one complex. 


+ 2- _ 
(CH3) Pb + HPO aE See (CH3) ,PbHPO, 


4 (63) 


[(CH,),PbHPO, ] 
Kei= ee eo A ae, (64) 


if =: 2 
[(CH,) ,Pb'] [HPO,“"] 


The formation constant and chemical shift of the 
trimethyllead-hydrogen phosphate complex were determined 
from the chemical shift versus pH data by the method 
described previously for the trimethyllead-sulfite complex. 
The Kg obtained for (CH3) 3PbHPO, by this procedure 
womupicata ecOvVerINgitthe, pe mange, 2 itor? 28.187 Sebi a3, 


where the uncertainty is a linear estimate of the standard 
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deviation. 3) 3PbHPO, = 1.435 ppm was obtained 


Simultaneously. Attempts to fit the observed chemical 


8 (cy 


shift data to models involving other species, for example 


(CH PbH,PO, and (CH) ,PbPO,77 in addition to the four 


3)3 4 
species in the model described above gave poor fits. 

This suggests that at low pH, the phosphate is predominantly 
in the form HPO, , and the trimethyllead predominantly 
(CH) Pb. At high pH, the chemical shift data indicate 
complexation of only a small fraction of the trimethyl- 

lead by phosphate, consistent with the formation of 

(CH3) ,PbOH, and the phosphate is present as PO, 77 (DK, = 
12.3). Consequently, the model represented by Equations 
30-33 and 63 and 64 describes the trimethyllead-phosphate 
system over the pH region 2 to 12.8. The observed and 


predicted chemical shifts for all the data points are 


in good agreement (Figure 10). 


6. Carbonate Complex of Trimethyllead 

The binding of trimethyllead by the carbonate ligand, 
Cone was investigated by monitoring the chemical shift 
of the trimethyllead protons as a function of pH ina 
solution having a carbonate-to-trimethyllead ratio of 
13:1. The large ratio was used to maximize the fraction 
of trimethyllead complexed. The chemical shift is 
presented as a function of pH in Figure 11 for both a 


solution of trimethyllead perchlorate (open points) and 


a solution containing trimethyllead perchlorate and 
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FIGURE 11. pH dependence of the chemical shift of the methyl 
protons of trimethyllead in an aqueous solution 
COntalninges.00nx i= M trimethyllead perchlorate 
(open points) and in an aqueous solution contain- 
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up Vogt Spo mer .< 10 ~ M trimethyllead perchlorate and 


0.0650 M sodium carbonate (solid points). 
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sodium carbonate (solid points). 

The two chemical shift titration curves in Figure 
ll are different over the pH range 6.7-12, indicating 
some complexation of trimethyllead by carbonate over this 
pH range. At high pH, hydroxide ion competes with the 
carbonate for the trimethyllead, while at low pH protons 
compete with the trimethyllead for the carbonate (pK, 
and PK, On HCO, are 6.40 and 10.3, respectively). Of 
the various models tested, the best fit was obtained for 


a model in which the trimethyllead and carbonate form a 


simple one-to-one complex. 


(CH3) 3Pb™ + schon = (CH3)3Pb(CO3) (65) 
PICH Je Pbp (eos) a! 
oo Se Be BE sc Te (66) 


oe 
[(CH,) ,Pb }{co, ] 


The formation constant and chemical shift of the 
trimethyllead-carbonate complex were determined from the 
chemical shift versus pH data by the method described 
previously for the trimethyllead-sulfite complex. The 
Kr obtained for (CH3) 3PbCO,- by this procedure using 
data COvering he pH range: 9.2 CO .Ls.0uls s90ut.32. A 


value of 1.347 ppm was obtained simultaneously for 


BB GHat) SE DCO a Attempts to fit chemical shift data 


covering the pH range 6.7 to 9.2 to this model were 


unsuccessful, with large differences between the observed 
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and predicted chemical shifts at pH less than 9. In 

this pH region, the free carbonate is predominantly in 
the form HCO, , suggesting that the species (CH,),PbHCO, 
might also be forming. Attempts to fit the observed 
chemical shift data to a model involving this species 

in addition to the four species in the model described 
above were unsuccessful. This suggests that its concen- 
tration must be small, or that some other complex is 
present. Consequently, the model represented by Equations 
30-33 and 65 and 66 describes the trimethyllead-carbonate 
system, only at pH greater than 9.2. The observed and 
predicted chemical shifts for this pH region are in 

good agreement (Figure 11). The difference between the 
predicted chemical shift curve (dashed curve at pH < 9 

in Figure 11) and the experimental points indicates that 
other trimethyllead-carbonate complexes must be forming 


in this pH range. 


7. The Iodide, Bromide, Chloride, and Fluoride Complexes 
of Trimethyllead. 

The binding of trimethyllead by iodide was studied 
first by monitoring the chemical shift of the methyl 
PEOCOnS: OL ULLamechy Lleadwas a’ function, ob pH jin; al solu- 
tion having an iodide-to-trimethyllead ratio of 10:1. 
Phe scnemvcaleshi cee titrarLtonacunve tom Chas Solution “is 


different from that of trimethyllead alone at pH < 8, 
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indicating some complexation of trimethyllead by iodide 
in this pH region. However, the differences between 
the curves are small, indicating that iodide interacts 
only weakly with trimethyllead, and the data could not 
bew~ fit to obtain av precise formation constant. In order 
to determine the formation constant, this system was 
studied by mole ratio experiments at a constant pH, the 
value of which was chosen so as to maximize the inter- 
action of the ligand with the trimethyllead by minimizing 
competition from the hydroxide ions for the formation 
of (CH,) ,PbOH. 15 samples whose ratios of sodium iodide 
to trimethyllead ranged from 0 to 150 were prepared 
individually at pH 4. In order to keep the ionic strength 
at 0.3 Miafor all the samples, the concentration of tri- 

5 


methyllead was reduced to 2.00 x 10 ~ M. The chemical 


shift is presented as a function of [NaI] /((CH,) ,Pb] 


total 


ratio in Figure 12. The observed chemical shift varies 


total 


continuously as the ligand to trimethyllead ratio is 
changed, indicating that the relative amounts of free 

and complexed trimethyllead are changing. Consequently, 
the chemical shift of trimethyllead-iodide complex cannot 
be obtained directly from the data, because in no sample 
is all the trimethyllead in the iodide-complexed form. 
The formation constant was calculated for the trimethyl- 
lead-iodide complex from the chemical shift data by 


fitting the data to a model in which the trimethyllead 
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FIGURE 12. The chemical shift of the methyl protons of tri- 


methyllead in aqueous solutions containing 2.00 x 
iba M trimethyllead perchlorate and sodium halide 
as a function of the ligand-to-trimethyllead ratio 


at pH 4.00. "Sedium ztodide’ (0), sodium bromide \(@)F 


ana sodium chloride (A). 
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and iodide form a simple one-to-one complex, (CH) ,PbI. 
+ — 
(CH,),Pb + I ==> (CH) 3PbI (67) 


[XCHO)SBbai 


[(en,) ,2o. eae 
The formation constant and chemical shift of the 
trimethyllead-iodide complex were determined from the 
chemical shift versus [Nal], 9443/71 (CH3) 3Ph], 044) ratio 
by the method described previously for the trimethyllead- 


thiocyanate complex. The Kr Obtained for (CH PbI by 


eee 
this procedure is 1.89 (+0.1), where the uncertainty is 
a_linear estimate of .the standard deviation... The chemical 


SoLtt@or 6 ise. 867) Ppl. 


(CH, ) 3PbI 
The binding of trimethyllead by bromide, chloride, 
and fluoride was studied by monitoring the chemical 
shift of the methyl protons of trimethyllead in mole 
ratio experiments in exactly the same way as just des- 
cribed for the iodide ligand. A pH of 4 was used. The 
chemical shift is presented as a function of ligand-to- 
trimethyllead ratio for the bromide and chloride systems 
in Figure 12. The formation constants for the trimethyl- 
lead-bromide and -chloride complexes were calculated 
from the Cnemical Site Gata py fitting the data as 
described above for the trimethyllead-iodide complex. 
The values obtained are Ke come Oo 5 2 Oe) ° (CH,) ,PbBr = 
1.692 ppm for the bromide complex of trimethyllead and 
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(CH3) 3 

complex of trimethyllead. 
The trimethyllead-fluoride system was also studied 

by mole ratio experiments, but it was not possible to 

characterize the complexation equilibria from the chemical 

shift data. One problem is that a complex precipitates 


at [NaF], o¢47/ 1 (CH3) 3Pb] ratios greater than 70. 


total 


AiLsowethe tehemicalashie wmehaviorgis diffiiculitutonexplain. 


The chemical shift decreases, i.e., the shielding decreases 


relative to the reference, as the concentration of NaF 
is increased up to a ligand-to-metal ratio of 20. As 
the wratiGeas fincreasedietrom 20 tor60), skhe ichemrcailll sshatt 
increases, and then decreases slightly at ratios greater 
than 60. A possible explanation is that at pH 4 some of 


the ligand is present as HF which can etch the glass. 


B. Discussion 

The chemical shifts and the formation constants of 
all the complexes studied in this research are summarized 
in Table 3. The only literature result available for 
comparison with the formation constants is that reported 


bya beGtazzie torn, the = (CH PDUCGN) FF COMp Lexa 7/0, eWwnO 


3)3 
obtained a value of 630 by anion exchange techniques. 
This value is considerably larger than that determined 


in this work, and much too large to be compatible with 


thie chemicalLeshiito data “eigqure 3): “Lt is -of interest, 
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however, to compare the formation constants with those 
for the analogous methylmercury complexes (51,56) which 
also are listed in Table 3. Unlike the methylmercury 
complexes the very small change in apie caste upon formation 
of (CH3) ,PbOH and carboxylate complexes from (CH) 4Pb™ 

in aqueous solution indicate that the lead-207 proton 
coupling constant is not very sensitive to the complexa- 
tion of trimethyllead by the ligands. The trimethyllead 
complexes studied in this work probably form from tri- 
gonal bipyramidal (CH) Pb" by substitution of one HO 
ligand. Their formation constants, with the exception 

of those for the sulfide and hydrogen sulfide complexes, 
are small, indicating the affinity of the trimethyllead 

- moiety for these ligands not to be large relative to 

that for water. The formation constants are much smaller 
than those for the analogous CH3Hg (IT) complexes, which 
also are listed in Table 3. It is also clear that the 
relative affinity of (CH) 3Pb (IV) for oxygen donor 

groups as compared to sulfur donor groups is much larger 
than is the case with CH3Hg (IT). For example, Ky £Or 

the complex CH,Hg(S,03) , in which CH3Hg (IT) is sulfur coor- 
dinated 158). s~"5 ,orderswot magnitude larger than thats for 
CH,Hg(CO3) , whereas K, for (CH) sPb(CO,) is 3 times 


thatetor (CH Pb(S,0,) . Likewise, Ke for CH,Hg (SO3) ; 


3)3 
in which CH,Hg (IT) is alsoysuilsur: coordanated ((5:6:458))9, 


is larger than Kr for oxygen-coordinated CH,Hg(Se03) , 
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whereas the formation constants for the analogous (CH3) 3- 
Pb(IV) complexes are in the opposite order. 

The extent to which the trimethyllead complexes form 
is very much dependent on pH because of their low forma- 
tion constants coupled with the competitive formation 


of (CH.,).PbOH and ( (CH) 3Pb) ,OH” at high pH and the 


3)3 
competitive protonation of those ligands which are 
conjugate bases of weak acids at low pH. To illustrate, 
species distribution curves calculated from the forma- 
tion constants in Table 3 and the equilibrium constants 
£Or (CH3) ,PbOH and ((CH,) Pb) ,0H” are presented for the 
trimethyllead-phosphate system in Figure 13, the tri- 
methyllead-thiosulfate system in Figure 14, and the 
trimethyllead-chloride system in Figure 15. In each 

case, (CH) ,PbOH forms vat high pH, wilthethe pH at which 
the trimethyllead is essentially all in this form increas- 
iiguanethes order ci, < HPO, 77 < SOncat which is the same 
order in which the formation constants increase. However, 
the behavior of these three systems at low pH is con- 
Siderably different. HPO, 7 is the conjugate base of 

the weak acid HPO, , and protonation to form H5PO,_ is 

a more favored process than is complexation by (CH) ,Pb™ 
The ‘chemical shite data in Figure LOvindicatesmno 7 com— 
plexation by H>PO, . Thus there is a correlation between 


the weak basicity of H5PO, and its ability to complex 


(CH,),Pb . Chloride and thiosulfate are extremely weak 
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conjugate bases in the Bronsted sense. Consequently 

there is no competitive protonation of these ligands and 
the maximum amount of complex forms at pH < 7-8, where 
there also is little competitive formation of the hydroxy 
complexes. The fractional concentration of the complexed 
form remains constant at pH values less than 7-8. Because 
there is no competitive protonation of these ligands, 
relatively large fractions of the (GE jeRy can be in 
these complexed forms even though the K,'s are small. 

For example, for chloride the percentage of the trimethyl- 
lead in the (CH) ,PbCl £Orm 1S°5./3 at. low pH Lorene 
particular concentrations used in the calculations shown 
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The results in Table 3 together with other results 
Erom studies in this Laboratory on the ‘coordination 
chemistry of trimethyllead (17,49) indicate that tri- 
methyllead does not show a strong preference for any 
particular type of donor group. The largest formation 
constants appear to be with the deprotonated sulfhydryl 
GEOuUpS OL Organic throlwiaigands (17)i.0 HKomexample, the 
model for trimethyllead and mercaptoethanol complexes 
ana their formation constants are (17)i: 
(CH) .PbUL+ERSW—====aae (CHS) SPDSR (69) 
Es 
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Kp = 14.0 


Thais 2s of particular onterest with*respect to the 
chemistry of trimethyllead in biological fluids, where 
there are an abundance of potential ligands, including 
carboxylate groups, carbonate, inorganic and organic 
phosphate and chloride in addition to the sulfhydryl 
groups of peptides and proteins. Because of the different 
PH dependence of the extent to which the various complexes 
form and the relative abundances of the different ligands, 
the jLormatr1on constants predict); that, at’ physiological 


DH etaere wil be. a -signiticant mraction, Of (CH POLY) 


3)3 
complexed even by those ligands having small formation 
constants. To illustrate, the pH dependence of the 
fractional concentrations of the various trimethyllead 
species has been calculated for solutions containing 
2-mercaptoethanol, phosphate, and trimethyllead (Figures 
16 and 17) and for a solution containing 2—mercapto- 
ethanol, chloride, and trimethyllead (Figure 18). Even 
Chougn the ‘K..s for =the. (CH 


Pb (HPO,) © ano (CH Pbe! 


5 3)3 3)3 
complexes are considerably smaller than those for the 
2-mercaptoethanol complexes, some (CH) 4Pb(HPO,) and 
some (CH) 3PbC1 form because of the competitive proton- 
ation, Of the sultnydry!) Iigand. This * satuation 1s: in 


Marked, contrast sco that for CH3Hg (IT), which shows such 


an extreme affinity for sulfhydryl ligands that in 
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FIGURE 16. pH dependence of the distribution of trimethyllead 
among its various forms in an aqueous solution 
containing trimethyllead perchlorate, 2-mercapto- 


ethanol and sodium phosphate, each at a total con- 


Gentracion.ot 25.00.0x ior = M7 (CH Pb? Cay, (CH) 3 
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pH dependence of the distribution of trimethyllead 


among its various forms in an aqueous solution 


containing trimethyllead perchlorate, 2-mercapto- 


ethanol and sodium phosphate, each at a total con- 


centration of 0.100 M. (Cr yerhy (ays (CH) ,Pb- 


(SCHCH,OH) (b), (CH3) ,PbOH (c), (CH) .Pb(HPO,) ~ 


ob 
(dt) rand ((CH3) 3Pb) ,SCH,CH,OH (e). 
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pH dependence of the distribution of trimethyllead 


among its various forms in an aqueous solution 


3 


containing 5.00 x.10 26M trimethyllead perchlorate 


and 2-mercaptoethanol and 0.100 M sodium chloride. 


+ 
(CH,) Pb Cale, (CH) ,Pb (SCH.CH.,OH) (Dy) F; (CH,) ,- 


=f: 
PbOH (c), (CH) ,PbC1 (doeamand ((CH,) ,Pb) ,SCH,CH,OH (e) 


biological systems essentially all of the CH Hg (IT) is 
assumed to be complexed by the sulfhydryl groups of 
peptides and proteins (58). The presence of even a small 
PRactionror (CH3) 3Pb (IV) as (CH) ,PbC1 USWOrs particu ar 
interest because this complex has electroneutrality and 


most Ivkely is lipid scoluble: 
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